The 3-D structure of subtilisin YaB was computer modelled using the structures of subtilisin BPNЈ, subtilisin Carlsberg and thermitase as templates. Gly124 and Gly151 located on both sides of the waist of the S1 pocket were selected for site-directed mutagenesis based on the modelled structure. The mutated ale genes coding for the mutant subtilisin YaB were expressed in Bacillus subtilis DB104. All of the G124 and G151 series of mutants exhibited an increase of relative catalytic activity for elastin-orcein against casein and myofibrillar proteins. The S1 substrate specificity of G124A, G124V and G151A mutants were assessed using various carbobenzoxy-amino acid-nitrophenyl esters and succinyl-Ala-Ala-(Pro or Val)-(Ala, Phe or Leu)-p-nitroanilide [AA(P/V) (A/F/L)]. While G124A and G124V mutants hydrolyzed only Ala and Gly esters, G151A mutant hydrolyzed Ala, Leu and Gly esters. The G124A and G124V mutants did not hydrolyze AAPF and AAPL. However, these two mutants hydrolyzed AAPA and AAVA with k cat /K m values approximately 3-10-fold higher than those of the wild-type enzyme. The G151A mutant did not hydrolyze AAPF, but hydrolyzed AAPL, AAPA and AAVA with k cat /K m values approximately 1-4-fold higher than those of the wild-type enzyme. These results clearly indicate that the S1 substrate specificity of G124A and G124V mutants was restricted to Ala and Gly, and G151A mutant to Ala, Gly and Leu.
Introduction
Subtilisins, which are extracellular alkaline serine proteases produced by a wide variety of Bacillus species, have for decades been one of a handful of technologically massproduced enzymes, with worldwide production of several hundred tons per year. Their enzymatic properties have been studied extensively (Markland and Smith, 1971; Kraut, 1977) . More than 30 high resolution X-ray structures of subtilisins and their complexes with polypeptide inhibitors have been determined (Hirono et al., 1984; McPhalen et al., 1985; Bott et al., 1988; Teplyakov et al., 1990; Goddette et al., 1992) . Recently, a number of protein engineering studies of subtilisins, including their catalytic mechanisms, substrate specificities, pH/rate profiles, thermal stabilities etc., have been carried out (Wells and Estell, 1988; Siezen et al., 1991) . The substrate or inhibitor interacting residues in proteinases, especially subtilases, have been identified from their crystal structures and by modelling their enzyme-inhibitor complexes and their enzyme-substrate complexes (Bode et al., 1987; McPhalen and James, 1988; Gros et al., 1989; Heinz et al., 1991; Takeuchi et al., 1991a,b; Betzel et al., 1993) , as well as from protein engineering studies of subtilisin BPNЈ (Estell et al., 1986; Russel and Fersht, 1987; Wells et al., 1987a,b) . These studies provide an abundant amount of information on the substrate/inhibitor binding of subtilisins. In each case their mutual interaction modes appear to be the same and provide guidelines for predicting the enzyme-substrate interactions in this family of enzymes. Accordingly commercially more useful enzymes can be engineered.
The alkaline elastase YaB, produced extracellularly by alkalophilic Bacillus YaB, belongs to a serine protease subtilisin family (Tsai et al., 1983 (Tsai et al., , 1984 (Tsai et al., , 1986 (Tsai et al., , 1988a . The structural gene of the alkaline elastase YaB, ale, has been cloned and sequenced (Kaneko et al., 1989) . It shows extensive homology with other subtilisins, e.g., 55% with subtilisin BPNЈ, 58% with subtilisin Carlsberg and 54% with subtilisin E. Thus we have suggested its name be changed to subtilisin YaB. Siezen et al. (1991) classified it into class I-S2 of the subtilase family. However, this enzyme has three distinctive characteristics: high elastin hydrolyzing activity, high elastin binding ability and high optimum reaction pH. It has a P1 substrate preference for small aliphatic amino acids, such as alanine, in contrast to that of subtilisin BPNЈ for aromatic amino acids (Tsai et al., 1984) . Consequently subtilisin YaB owes its promising characteristics as a favorable meat tenderizer (Takagi et al., 1992) to its marked proteolytic preference for elastin and collagen, which contribute to meat toughness, as compared with other myofibrillar proteins. Although, as a meat tenderizer this enzyme is superior to other nonspecific proteases, such as papain and bromelain, it still retains the ability to bind and cleave the substrates with large side chains, especially Tyr and Phe, at P1 position. This implies that the substrate specificity of this enzyme is still not sufficiently strict.
In the present study we focus on the residues adjacent to the S1 pocket in order to further restrict the substrate specificity of this enzyme. We report here a model of subtilisin YaB, which was derived from the known crystal structures by homology model building. With this model, the two residues Gly124 and Gly151 located on both sides of the waist of the S1 pocket were chosen. These are equivalent to Gly127 and Gly154 in BPNЈ. We describe here a series of mutation and kinetic studies at these two positions. By substituting Gly124 with Ala and Val, and Gly151 with Ala, an obvious change in S1 substrate specificity was observed expressed as a profound decrease of the S1 substrate specificity for other amino acids, except for Ala and Gly.
Materials and methods

Materials
Bacillus subtilis DB104 (nprE18 nprR2 DaprE3 his-101) (Kawamura and Doi, 1984) kindly provided by Dr Doi was used as the host cell. Plasmid pEX600A (Figure 1 ) was constructed by inserting a 1.3 kb fragment containing the ale gene for subtilisin YaB into pHY300PLK, a shuttle vector for Escherichia coli and Bacillus. The initiation codon of ale was mutated from TTG to ATG. All enzymes used for DNA manipulation were purchased from New England Biolabs (MA, USA) or Bethesda Research Labs (MD, USA), and the methods used were those recommended by the supplier. Synthetic peptide substrates, elastin from bovine neck ligament, elastin-orcein and subtilisin BPNЈ were obtained from Sigma Chemical (MO, USA). Succinyl-alaninyl-alaninylprolyl-alalninyl-p-nitroanilide was purchased from Bachem (Switzerland). Sephadex C-50 was obtained from Pharmacia Biotech (Sweden). Casein (Hammarsten) and Fractogel DEAE650 were purchased from Merck Darmstadt (Germany). Myofibrillar proteins were prepared as described by Kimura and Maruyama (Kimura and Maruyama, 1983) . Site-directed mutagenesis Site-directed mutagenesis was carried out by a modified PCR technique (Higuchi et al., 1988) on a 491-bp SphI-SpeI fragment from plasmid pEX600A containing part of the ale gene for subtilisin YaB. For each substitution, an oligonucleotide containing the desired mutation was used as the primer (mismatch primer) to initiate chain extension between the 5Ј and 3Ј PCR flanking primers. In the first PCR, the mismatch primer and the 5Ј primer were used to generate a DNA fragment containing the new base substitution. The fragment was separated from the primers by agarose gel electrophoresis, purified, and used as the new 5Ј primer in a second PCR with the 3Ј primer to generate the desired 491-bp SphI-SpeI DNA fragment. After confirmation of the mutation by DNA sequencing, the PCR fragment was inserted into the original pEX600A plasmid.
Expression and purification of wild-type and mutant subtilisin YaB
The plasmids containing the wild-type and mutant ale genes were transformed into B.subtilis DB104 by protoplast trans- 
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formation as described (Chang and Cohen, 1979) . Transformants harbouring each plasmid were isolated and then cultivated in 2ϫ SG medium (1.5% nutrient broth, 0.1% glucose, 0.2% KCl, 0.05% MgSO 4 .7H 2 O, 1 mM Ca(NO 3 ) 2 , 0.1 mM MnCl 2 and 0.01 mM FeSO 4 ) at 37°C for 48 h. The wild-type and mutant subtilisin YaB proteins were purified from the culture broth as previously described with some modifications (Tsai et al., 1983) . All operations were carried out at 4°C. The culture broth (2 l) was precipitated by 80% saturation of ammonium sulfate. The resulting precipitate was dissolved in a minimal volume of buffer A (50 mM Tris-HCl pH 8.0 buffer containing 1 mM CaCl 2 ) and dialyzed overnight against the same buffer. The dialyzed enzyme solution was passed through a Fractogel DEAE650 column (2.5ϫ10 cm) equilibrated with buffer A. The flow-through fraction was applied to a Sephadex C50 column (1.0ϫ10 cm) equilibrated with buffer A. After washing with buffer A, the enzyme was eluted with a 500 ml linear gradient from 0 to 100 mM NaCl in buffer A. The active fractions were pooled, dialyzed against buffer A and then stored at -80°C.
Assay of enzymatic activity
Elastolytic activity using elastin-orcein was determined by the method described previously with some modifications (Tsai et al., 1983) . Each enzyme was shaken with 10 mg of elastinorcein in 0.5 ml buffer B (50 mM NaHCO 3 -Na 2 CO 3 buffer pH 10.5, 1 mM CaCl 2 ) for 1 h at 37°C. To stop the reaction 1 ml of 0.7 M phosphate buffer (pH 6.0) was added. Excess substrate was removed by centrifugation and the absorbance of the supernatant was measured at 590 nm. The amount of enzyme which gave half of the absorbance at 590 nm when 10 mg of elastin-orcein was completely hydrolyzed was defined as 5 units.
Caseinolytic activity was determined by incubating enzyme with 0.5 ml of 1% casein in buffer B for 10 min at 37°C. The reaction was stopped by adding 1 ml of TCA solution (0.11 M trichloroacetic acid, 0.22 M CH 3 COONa, 0.33 M CH 3 COOH). Following a 30-min incubation at 30°C, the precipitate was removed by centrifugation and the absorbance of the supernatant measured at 275 nm. Units of caseinolytic activity was expressed as milligrams of tyrosine released per minute.
The hydrolysis of myofibrillar protein was determined in the same manner as the caseinolytic activity assay. The enzyme was incubated with 10 mg substrate in 0.5 ml buffer B with shaking for 1 h at 37°C. The reaction was stopped by adding 1 ml TCA solution. After a 30-min incubation at 30°C, the precipitate was removed by centrifugation and the absorbance of the supernatant was measured at 590 nm. One unit of proteolytic activity was defined as one milligram of tyrosine released per minute.
Esterase activity for p-nitrophenyl ester substrates was determined at 30°C in 1 ml of 50 mM Tris-HCl buffer (pH 8.0) containing 1 mM CaCl 2 , 23% acetonitrile and 0.1 mM substrate. The amount of p-nitrophenol released was determined by measuring the increase of absorbance at 400 nm for 2 min. The amount of enzymes used was 0.5, 1.0, 2.0 and 2.0 µg for wild type, G124A, G124V and G151A, respectively. For those reactions indicated with Ͻ0.1 in Table II , a 10-fold higher amount of enzyme was used and the reactions were followed for more than 20 min.
Amidase activity for p-nitroanilide peptide substrates was determined at 30°C in 1 ml of buffer B containing 10% N,N-dimethylformamide. The amount of p-nitroanilide released was measured by the increase in absorbance at 410 nm (ε M ϭ 8480 M -1 cm -1 ). The kinetic parameters, k cat and K m , were obtained from initial rate measurements at various substrate concentrations (from 0.1 to 2.0 mM). The amount of enzymes used was 1.5, 2.5, 3.0 and 2.5 µg for wild type, G124A, G124V and G151A, respectively. For those reactions indicated with n.d. in Table III , a 10-fold higher amount of enzyme was used and the reactions were followed for more than 20 min. The standard errors for all values reported in k cat and K m are less than 10%.
Protein determination
The enzyme concentration was determined according to the method of Lowry et al. (1951) with bovine serum albumin (factor V) as standard by using the Bio-Rad DC protein assay kit.
Computer modelling of subtilisin YaB
Modelling by sequence homology was performed essentially following standard procedures described elsewhere (Blundell et al., 1988; Greer, 1990; Ring and Cohen, 1993) . Computer modelling was performed using the program QUANTA 3.2.3 (Molecular Simulations Inc., Cambridge, UK) and CHARMm 22 (Brooks et al., 1983) running on a Silicon Graphic Crimson workstation. The coordinates of crystal structures of subtilisin BPNЈ in complex with chymotrypsin inhibitor 2 (PDB identification code 2SNI) (Heinz et al., 1991) , subtilisin Carlsberg in complex with eglin-C (entry 2SEC) (McPhalen et al., 1988) and thermitase in complex with eglin (entry 1TEC) (Gros et al., 1989) are available in Brookhaven Protein Data Bank (PDB). The backbone conformation of subtilisin YaB was modelled starting from appropriate segments of subtilisin BPNЈ and Carlsberg (Figure 2 ). The segment around deleted region (152-162) was modelled from thermitase. Among the conserved amino acid residues of these structures, most of the side chain orientation were found to be conserved by manual inspection. The side chain coordinates of these residues were copied into subtilisin YaB as an initial position. The remaining side chains were built and adjusted one by one manually to make the packing more compact for comparison with those of known structures. There are two calcium binding sites found in subtilisin BPNЈ (Gros et al., 1989; Teplyakov et al., 1990; Heinz et al., 1991; Siezen et al., 1991) . Only the strongest binding site which appeared in subtilisin BPNЈ was incorporated in our model since the coordination residues (Gln1, Asp39, Leu72, Asn74, Ile76 and Val78) are totally conserved. The initial structure was then subjected to 50 cycles of steepest descent and 200 cycles of ABNR minimization. The minimization converged rapidly without any steric clash given the proper placement of side chain conformation. A Ramachandran plot of the main chain φ-ψ angles in subtilisin YaB indicates that no residue is in the disallowed region. All side chain conformation analysis calculated from PROCHECK (Laskowski et al., 1993) are within favorable regions. No important improvement on the model was found after further use of molecular dynamics to minimize the structure.
Three additional crystal structures, alkaline proteinase from Bacillus lentus (Goddette et al., 1992) , mesentericopeptidase (Dauter et al., 1991) and savinase (Betzel et al., 1992) were available to us after we had finished the construction of the model. Small differences in structure were found between YaB and these three proteins. However, they did not change our conclusion. The coordinates of two other alkaline proteinases, proteinase PB92 from Bacillus alcalophilus (Vander Laan et al., 1992) and proteinase from Bacillus alcalophilus (Sobek et al., 1992) , are not available in the data bank.
The mutant structures of G124A, G124V and G151A were built from the initial structure of subtilisin YaB with simple replacement using the QUANTA program. These structures were subsequently subjected to the same energy minimization procedure described above. The same analyses were applied on the resulting structures.
The superimposition and comparison of two subtilisin eglin-C complex structures (McPhalen et al., 1988; Gros et al., 1989) revealed the same conformation in the structures of the eglin-C molecule. Therefore, the eglin-C coordinates from subtilisin Carlsberg were copied directly into our structure and 20 cycles of energy minimization were applied. Only P1Ј to P5 were used during comparison.
Results
Computer modelling of subtilisin YaB and the design of mutations
To date the crystal structure of subtilisin YaB has not been determined. However, it is likely to be similar to that of subtilisins BPNЈ, Carlsberg, etc. based on the high amino acid sequence identity, with 55% (150 out of 274) identical to subtilisin BPNЈ, and 58% (157 out of 273) to subtilisin Carlsberg. The model of the three-dimensional structure of subtilisin YaB was constructed beginning with the structures of subtilisin BPNЈ-chymotrypsin inhibitor 2 and subtilisin Carlsberg-eglin complexes and was incorporated with the 'deletion loop' region from thermitase. Their secondary structure elements and overall folding are very similar. The positions of the α-carbon atoms of these four enzyme molecules (YaB, BPNЈ, Carlsberg and thermitase) can be superimposed to within about 0.5 Å r.m.s. Figure 3A shows the region around the substrate binding pocket of subtilisin YaB. The S1 binding pocket, as shown in Figure 3A , is a large elongated cleft with Ala149 at the entrance, Gly159 and Ala162 at the bottom and Ser126 and Ser153 at the perimeter of both sides. The side chain of Gln184 fills up the space between the bottom residues and Ser153, while Gly124 and Gly151 with the backbone of their neighbouring residues form both sides of the pocket. Three substitutions, Pro129 to Ser126, Glu156 to Ser153 and Ser191 to Gln184 were found when the amino acid sequence of subtilisin YaB was compared with that of subtilisin BPNЈ. Two substitutions, Ala129 to Ser126 and Ser191 to Gln184, 31, 61, 124, 126, 149, 151, 159, 162, 184 and 214 were labelled and coloured as following: Gly in pink, Ala in blue, Val in tan, Ser in yellow, His in cyan, Asp in green and Gln in orange. The C β atoms of the P1-P4 residues were labelled and shown in van der Waal ball. A molecular surface shown in the right panel was calculated for each mutant enzyme around the binding pocket with the P1Ј-P5 peptide of eglin shown in red bond. The wild-type enzyme, G124A, G124V and G151A are shown in A, B, C and D, respectively. The stereoview figures were prepared using the program VMD (Humphrey et al., 1996) . The molecular surface figure was prepared using the program GRASP (Nicholls et al., 1989) .
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were found when compared with that of subtilisin Carlsberg. In particular, the substitutions of glutamate and glutamine with serine changed the size and charge of these residues. The S2 pocket is quite narrow and shallow with the active residue His61 at the bottom, Leu93 at the side and Gly97 at the rim. These three residues are conserved among the three enzymessubtilisin YaB, BPNЈ and Carlsberg. The side chain of the P3 residue points away from the enzyme and the only residue with which it can interact is Ser98, which is also serine at this position in subtilisin BPNЈ and Carlsberg. The S4 pocket is bound by Ile104 and Met132 at the bottom, Leu93 and Gly99 at one side, Leu123 and Ser125 at the other side and Ile101 at the rim. Compared with subtilisin BPNЈ, Tyr104 was replaced by the smaller Ile101 residue, Gly128 by the larger Ser125 residue, and Leu135 by Met132. The P1 residue of eglin is leucine and its alpha carbon was used to locate the suitable residues for mutation. Two residues, Gly124 and Gly151, were found to be not only close to the P1 leucine, but conceivably may subdivide the S1 pocket into two halves. These two glycine residues, as the model suggested, are located near both sides of the waist of the S1 pocket with side chain orientation pointing into the S1 pocket. We decided to replace these two Glys with Ala, Val, Leu and Ile and evaluate the effects on substrate specificity. Since the distance between two alpha carbons of each glycine is about 5 Å, it was unnecessary to change into other larger aromatic residues to fill the intervening space. The larger side chain residue causing a steric repulsion might even destroy the local structure. A molecular surface was calculated for each mutant enzyme around the binding pocket with the P1Ј-P5 peptide of eglin shown in red bond (Figure 3B, C and D) . This figure implicates the presence of compartmentalization of the S1 pocket by the mutant residue. These mutations might have split the S1 binding pocket and resulted in a much smaller S1 binding pocket.
Expression and purification of mutant subtilisin YaB
The ale gene coding for subtilisin YaB contained in a 3.1 kb fragment from the alkalophilic Bacillus YaB chromosome was initially cloned into the shuttle vector pHY300PLK to construct a plasmid named pEX301 (Kaneko et al., 1989) . This plasmid is not expressed in E.coli, and only weakly expressed in B.subtilis DB104. In order to increase its expression level in B.subtilis, two improvements were incorporated. First, the initiation codon of the ale gene was changed from TTG, a seldom used and less efficient one, to ATG. Second, the 3.1 kb fragment was further shortened to 1.3 kb. The plasmid constructed with these two improvements was named pEX600A (Figure 1 ). These efforts increased the expression level of the ale gene in B.subtilis DB104 to about 800 caseinolytic activity units per ml equivalent to 50 µg protein/ml of culture broth, which makes the production and purification of subtilisin YaB from culture broth of the transformant much easier. All the pEX600A transformants, wild type and mutant, and the host strain transformed with plasmid vector, pHY300PLK, were cultured and the culture broth used for enzyme purification by the procedure described above. The enzymatic active fraction, after ammonium sulfate precipitation and Fractogel DEAE column chromatography, was further purified on a Sephadex C50 column. In the case of all the pEX600A transformants, containing the wild-type or mutant ale genes, three protein peaks were separated after elution with a NaCl linear gradient. The enzymatic activity coincided with peak II. When the same purification procedure was applied to the culture broth of DB104 host strain transformed with pHY300PLK, only peak I and III could be observed in the eluate of Sephadex C50 column chromatography. The SDS-PAGE analysis demonstrated that the mutant enzymes prepared were homogeneous with the same molecular mass as wild-type subtilisin Ya-B.
Substrate specificity of Gly124 and Gly151 mutants
The substrate specificities of the G124 and G151 series of mutants were assayed using elastin-orcein, casein and myofibrillar proteins as substrates (Table I) . Compared with those of the wild-type enzyme, the G124A mutant exhibited an increase in elastolytic activity of 1.2-fold and a decrease in casein and myofibrillar proteins' hydrolysis activities of 0.46-and 0.2-fold, respectively. The relative catalytic activity ratios, E/C and E/M, of G124A increased 2.6-and 6.0-fold, respectively, compared with those of wild-type enzyme. The G124V mutant showed an even higher E/C (4.6-fold) and E/M ratios (6.7-fold). By comparison with the wild-type enzyme, the casein and myofibrillar proteins' hydrolysis activities were reduced to 17 and 13%. However, the elastolytic activity was still maintained at 79% compared with those of the wild-type enzyme. The G151A mutant also showed high E/C (3.0-fold) and E/M ratios (4.5-fold) and still held 67% specific activity for elastin-orcein. The elastolytic activities for all other mutants decreased to less than 30% in spite of 
a Carbobenzoxy-(amino acid)-O-p-nitrophenyl ester. b Data were expressed as a ratio of specific activity (A 400 /mg protein) by taking the specific activity of wild-type enzyme for Z-L-Ala-O-p-ø NO 2 as 100%. c For those reactions which gave a low hydrolysis rate toward certain substrates, enzyme concentrations were increased and reaction time was prolonged as described in Materials and methods. 'Ͻ0.1' was indicated when ∆A 400 /min of the reaction was less than 10 -4 and the resultant relative activity (%) is negligible.
their high E/C ratio. Therefore, only the G124A, G124V and G151A mutants were chosen for further studies. In order to assess the subsite S1 substrate specificity for each mutant enzyme, the relative rate of hydrolysis for various carbobenzoxy-nitrophenyl ester substrates was determined (Table II) . The hydrolysis preference of subtilisin YaB is the Ala ester followed by Gly and Tyr esters. In subtilisin BPNЈ, the Tyr ester is the most favoured one, followed by Ala, Phe, Leu and Gly esters. Although the relative activities of the three mutant enzymes, G124A, G124V and G151A, toward the Ala ester decreased to 61, 77 and 41% compared with that of the wild-type enzyme, their substrate specificity increased remarkably. The two G124 mutants reacted exclusively with Ala and Gly esters. No significant hydrolysis was observed for other ester substrates even after adding 10 times the quantity of enzyme. Similar to the G151A mutant, the Ala ester is still the most favoured one, followed sequentially by the Leu and Gly ester.
Kinetic assays were carried out using fluorogenic substrates with Ala, Leu and Phe at the P1 position (Table III) . The AAPF has been used as an authentic substrate for subtilisin. The AAVA was developed as an elastase specific substrate based on the abundance of the Ala-Ala-(Ala)-sequence and alanine residue in elastin (Foster, 1982) . Subtilisin YaB was shown to exhibit an Ala P1 substrate preference based on its hydrolysis activity for ester substrates (Table II) . Coincident with this result, the catalytic efficiency (k cat /K m ) of subtilisin YaB for AAVA was approximately 3-fold higher than that for AAPF and AAPL (Table III) . However, this is due largely to the decrease in K m . The k cat value for AAVA substrate was, in contrast, one order of magnitude lower than those of AAPF and AAPL. The k cat /K m value for AAPA was lower than that for AAPF and AAPL, which is primarily the result of a decrease in k cat . Judged from the K m values for AAVA and AAPA, it is reasonable to suggest that the S2 subsite plays some role in determining the substrate specificity of the subtilisin YaB. The K m for AAVA is 7-fold higher than that for AAPA. The catalytic activity of subtilisin YaB towards AAPF and AAPL was severely impaired when a side chain was introduced at the positions of 124 and 151. It was difficult to obtain the individual kinetic parameters of the G124A and G124V mutants for the AAPF and AAPL substrates, and the G151A mutant for AAPF. k cat /K m values of the G124A mutant reacted with the AAVA and AAPA substrates were approximately 10-fold higher than that of the wild-type enzyme. The improvement of catalytic efficiency is distributed between a decrease in K m and an increase in k cat . As for the G124V mutant, the k cat /K m values for AAVA and AAPA decreased 3-4-fold, which was due to the decrease of k cat with a small increase in K m value compared with those of the wild-type enzyme. The G151A mutant did not hydrolyze the AAPF substrate; however, it reacted with AAPL with a 20-fold decrease both in k cat value and K m value relative to those of the wild-type enzyme. This result was consistent with that obtained from hydrolysis of ester substrates, in which the hydrolysis activity of G151A mutant for Leu ester was 50% of that for the Ala ester (Table  II) . The catalytic efficiency of the G151A mutant with either the AAVA or AAPA substrate was significantly better than those of the wild type but did not reach the level of the G124A mutant.
Discussion
Alkalophilic Bacillus YaB was isolated from soil by its ability to form a large clear zone on alkaline agar plate, at pH 10, overlayed with elastin powder (Tsai et al., 1983) . The subtilisin YaB purified from the culture broth of YaB strain digests 115 elastin very efficiently. This enzyme was shown to have higher substrate specificity toward the Ala residue over other amino acid residues (Tsai et al., 1984) , which is abundant in elastin, particularly around the areas of elastin cross-links (Foster, 1982) . The substrate specificity, as depicted for the preference of Ala and Gly from the hydrolysis data from the p-nitrophenyl ester substrates, was similar to that of the porcine pancreatic elastase, but differed from that of other subtilisins, which have higher specificities toward Phe or Tyr. Furthermore, this enzyme hydrolyzed the elastase-specific substrate, such as AAPA and AAVA, faster than subtilisins. These observations prompted us initially to designate this enzyme as an alkaline elastase. However the high sequence homology with subtilisins places it in the subtilisin family, and it was thus renamed subtilisin YaB.
In order to further restrict the enzyme specificity for alanine, that is to say to increase its relative hydrolysis activity toward elastin over other proteins, two glycine residues, Gly124 and Gly151, located near the waist of the S1 substrate binding pocket were chosen on the basis of the structure modelling of subtilisin YaB. In the subtilisin family these two positions are largely occupied by Gly. Attempts to change the enzyme specificity by altering the hydrophobic and steric environment of the binding pocket have been very successful for subtilisins (Wells and Estell, 1988) . A conserved Gly at position 166 of subtilisin BPNЈ, located at the bottom of the substrate binding pocket, was replaced by nonionic amino acids. In general, the catalytic efficiency toward small hydrophobic substrates was increased by hydrophobic substitutions at position 166 in the P1 pocket (Estell et al., 1986) . Furthermore, Wells and coworkers (1987a) reported the feasibility of recruitment of substrate specificity properties from subtilisin BPNЈ into a related species, Carlsberg, by three substitutions at positions 156, 169 and 217 that are within the van der Waals contact with the substrate. Besides, by mutating the neutral residues (Gly166, Ser33 and Asn62 in subtilisin BPNЈ) into acidic residues (Glu and Asp), subtilisin BPNЈ was able to shift its substrate specificity (k cat /K m ) toward basic residues (Ballinger et al., 1995) . A combination mutant (N62D/G166D) had a larger shift in specificity toward dibasic substrates (namely, at the P1 and P2 substrate positions). Furthermore, additional specificity for tribasic substrates was engineered at the P4 position by introducing subtilisin-to-furin substitution at Y104 that composed the S4 subsites (Ballinger et al., 1996) . Recently, Takagi et al. (1996) replaced the Gly127 of subtilisin E, corresponding to the Gly124 of subtilisin YaB, with Ala, Ser and Val. The mutants showed a marked preference for small P1 substrate. In the present study, the Gly124 and Gly151 of subtilisin YaB are thought to constitute the sides of the substrate binding pocket and to interact with the P1 substrate. Both side chains of Gly124 and Gly151 project into the S1 pocket and the substitution of these two positions with a larger side chain residue may split the pocket in half. It seems plausible that by substituting these two Gly residues with other larger amino acid residues, large P1 side chain substrates may be sterically excluded.
Just as expected, the P1 substrate specificities of the G124A, G124V and G151A mutants estimated with p-nitrophenyl esters changed dramatically. The P1 substrate specificity of either G124A or G124V mutants was totally restricted to Ala and Gly, as well as Leu for the G151A mutant (Table II) . One extra methyl group introduced into the 124 position is sufficient to exclude the P1 residue larger than Ala. This can be visualized in the model complexes since the S1 pocket might be compartmentalized and the space of the resulting pocket is suitable only for Ala ( Figure 3B and C). On the other hand, the methyl group of residue 151 instead of pointing perpendicular to the surface of the pocket, is pointed toward the bottom and provides more space for the resulting pocket ( Figure 3D ). This may explain why the G151 mutant still retained reactivity to the Leu ester.
For proteolytic reactions with peptide substrates, the sterically exclusion effect is shown even more dramatically (Table III) . G124A and G124V mutants exhibited very low catalytic efficiency for the AAPF and AAPL substrates. The G151A mutant did not hydrolyze AAPF, however, it hydrolyzed AAPL. As indicated by the K m values, both the G124A and G151A mutants showed tighter binding to the AAPA and AAVA substrates relative to those of the wild-type enzyme. The valine substitution at position 124 seems to have steric interference even on alanine at the P1 position. The hydrolytic activity for elastin-orcein over casein or myofibrillar proteins of all the G124 and G151 series mutants increased relatively. For example, the casein hydrolysis activity of the G151A mutant decreased to 22% of the wild-type enzyme activity; however, its elastin-orcein hydrolysis activity was still maintained at 67% compared with that of the wild-type enzyme. With the G124A mutant, the casein and myofibrillar proteins' hydrolysis activity dropped to 46 and 20%, respectively. In contrast, the elastin-orcein hydrolysis activity increased 20%. This result proves that the restrictions in P1 substrate specificity of the mutant enzymes reflect its hydrolysis activity with the protein substrate.
The G124 residue, corresponding to G127 in BPNЈ, is the only residue that has a clear influence on the P1, P2, P3 and P4 substrate residues and is conserved in all subtilisins (Siezen et al., 1991) . As observed from the structure modelling, when mutated to Ala, the side chain pointed into the S1 pocket ( Figure 3B ). Hence, primarily the P1 substrate specificity should be influenced. However, the possibility of the involvement of the substrate specificities for the other three binding sites in some way cannot be ruled out. Comparison of the data from the AAVA and AAPA substrates (Table III) , clearly indicates that the Ala substituted mutants also have influence on P2 residue change. Interestingly a striking change on the P2 substitution is also observed in the data for the G151A mutant. It should be of interest to further investigate the specificity change of the G124 and G151 series mutants for this P2 series of substrates or others with Ala at the P1 116 position. The change in S3 and S4 substrate specificity of these mutants also warrant further studies.
In conclusion, the relative elastolytic activity of the subtilisin YaB has been obviously increased, which is primarily due to the restriction of the P1 substrate specificity to Ala, by introducing mutations into positions 124 and 151 located near the waist of the S1 cleft.
